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Abstrat
The nulear physis relevant to the eletri dipole moment (EDM) of the deuteron is addressed.
The general operator struture of the P - and T -odd nuleon-nuleon interation is disussed and
applied to the two-body ontributions of the deuteron EDM, whih an be alulated in terms of
P - and T -odd meson-nuleon oupling onstants with only small model dependene. The one-body
ontributions, the EDMs of the proton and the neutron, are evaluated within the same framework.
Although the total theoretial unertainties are sizable, we onlude that, ompared to the neutron,
the deuteron EDM is ompetitive in terms of sensitivity to CP violation, and omplementary with
respet to the mirosopi soures of CP violation that an be probed.
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I. INTRODUCTION
In the eld of partile physis an atomi physis quantity plays a privileged role: the
eletri dipole moment (EDM), whih violates parity (P ) onservation and time reversal
(T , or equivalently CP ) invariane. The Standard Model predits values for EDMs that are
muh too small to be deteted in the foreseeable future, and hene a nonzero EDM is an
unambiguous signal of a new soure of CP violation [1, 2℄.
Over the years, many experiments have searhed with inreasing preision for a nonzero
EDM. The most sensitive experiments measure the preession frequeny of the spin for
neutral systems, suh as the neutron or an atom, in a strong eletri eld. The limit on the
EDM of the neutron, in partiular, has been improved spetaularly over the years [3℄. The
most preise value obtained so far is dn = (−1.0 ± 3.6)× 10−26 em [4℄. New experiments
using high-density ultraold neutron soures are being set up to target the preision level of
10−27 to 10−28 em at LANL (LANSCE), PSI, ILL, and Munih (FRM-II).
Limits on the EDMs of harged partiles [5℄, suh as the eletron and the proton, has
so far been derived from experiments with seleted neutral atoms (and moleules). The
best limit for an EDM has been obtained for the
199
Hg merury atom [6℄, for whih d
Hg
=
(−1.06± 0.49± 0.40)× 10−28 em was measured. In suh a losed-shell atom with paired
eletron spins, the EDM of the atom arises mainly from the EDM of unpaired nuleons
and from T -odd interations within the nuleus. For this type of experiments with neutral
atoms, the EDM signal is severely suppressed due to the sreening of the applied external
eletri eld by the atomi eletrons, a general result known in the literature as Shi's
theorem [7, 8, 9℄.
Reently, a new highly sensitive method has been proposed to diretly measure the EDMs
of harged partiles, suh as the muon or ions, in a magneti storage ring [10, 11℄. The
method evades the suppression of the EDM signal due to Shi's theorem, and works for
systems with a small magneti anomaly. An experiment using this method has been proposed
to measure the EDM of the deuteron at the 10−27 em level [12℄. From a theoretial point
of view, the deuteron is espeially attrative, beause it is the simplest system in whih the
P -odd, T -odd (/P /T ) nuleon-nuleon (NN) interation ontributes to the EDM. Moreover,
the deuteron properties are well understood [13℄, so reliable and preise alulations are
possible.
2
It is our goal in this paper to address the nulear physis part of the deuteron EDM
alulation, and to ompare the result to the EDM of the neutron (and proton) evaluated
within the same framework. The framework is designed so that our results for the nuleon
EDM and the
/P /T NN interation would be suitable, when ombined with a realisti strong
NN interation, as a starting point for a mirosopi alulation of the EDM of more omplex
systems, suh as the merury atom.
This paper is organized as follows. In Setion II we onstrut the general operator
struture of the P - and T -odd NN interation and from it derive the potential in terms of
strong and
/P /T meson-nuleon oupling onstants. In Setion III, we used this /P /T potential
in ombination with modern NN potential models to evaluate the two-body (polarization
and exhange) ontributions to the deuteron EDM. The one-body ontributions, i.e. the
EDMs of the proton and the neutron, are alulated within the same framework. Finally, the
results are disussed and onlusions are drawn in Setion IV. In the Appendix we disuss
and evaluate the, also P - and T -odd, magneti quadrupole moment (MQM) of the deuteron.
II. P- AND T-ODD TWO-NUCLEON INTERACTION
By ontrating two Dira bilinear ovariants ontaining at most one derivative, the P -
odd, T -odd, and C-even (hene still CPT -even) ontat NN interation an be onstruted
from (i) the salar-pseudosalar (SPS) ombination, N¯N × N¯iγ5N , and (ii) the vetor
pseudovetor (VPV) ombination, N¯γµN × N¯ ∂↔µγ5N [14℄. The tensorpseudotensor (T
PT) ombination, N¯σµνN×N¯σµνγ5N , also qualies these symmetry onsiderations, however,
it is equivalent to the SPS one by a Fierz transformation.
Using the nonrelativisti (NR) redution and writing out the isospin struture expli-
itly, the most general form of the low-energy, P - and T -odd (/P /T ), zero-range (ZR) NN
interation, H (ZR)/P /T , an be expressed, in onguration spae, as
H (ZR)/P /T =
1
2mN
{(
c1 + d1)σ− + (c2 + d2) τ1 · τ2σ− + (c3 + d3) τ z+σ− + (c4 + d4) τ z− σ+
+(c5 + d5) (3 τ
z
1 τ
z
2 − τ1 · τ2)σ−
}
·∇ δ(3)(r) , (1)
where σ± ≡ σ1 ± σ2 and τ± ≡ τ1 ± τ2.1 Terms involving the isospin operator i (τ1 × τ2)z,
1
We note that this most general NR form ontaining ve independent isospin-spin operators has already
3
even though they onserve harge, are ruled out sine they are C-odd. The dimensionful
oupling onstants ci and di (i = 1, ..., 5) eah orrespond to a unique isospin-spin-spatial
operator in the SPS and VPV parts, respetively. These onstants are the quantities
that experiments suh as nulear EDM measurements an hopefully onstrain, and thus
preditions from dierent models of CP violation ould be tested against with.
At rst sight, it seems that the introdution of the di's is redundant beause the VPV
form has exatly the same NR limit as its SPS ounterpart, a point whih has been made in
Ref. [14℄. Therefore, as long as one works stritly in the ontext of ontat interations, e.g.
pionless eetive eld theory, only ve oupling onstants are needed to t to experiments.
However, there are several reasons to justify this larger set, espeially when one goes beyond
the ZR limit with several energy sales involved.
First, when one tries to onnet the experimental onstraints to underlying theoretial
models, it is still neessary to make the distintion between the SPS and VPV setors.
Beause of dierent nuleon dynamis involved, the separation and omparison of these two
setors are of interest.
Seond, if one wants to keep the pions, as the lightest mesons, expliitly and model the
long-range (LR) interation through one-pion exhange (see e.g. Refs. [16, 17, 18℄), a sale
separation dened by the pion mass naturally ours. In this ase, one has in total eight
independent oupling onstants: ve in the ZR potential whih is a result of integrating out
all degrees of freedom exept the pions, and three
/P /T pion-nuleon oupling onstants (see
below, Eq. (4)) whih desribe the LR potential.
2
This possible sale dierene between the
SPS and VPV setors is not manifest in the ZR limit.
The third and more pratial reason is that we are going to adopt a hybrid approah
for the NN dynamis whih takes advantage of existing high-quality strong NN potentials
and use perturbation theory based on operators onstruted in the spirit of eetive eld
theory (EFT). In suh a framework, it is neessary to smear out the ontat interations.
The physial guideline is to take the delta funtion as a limit of the mass
2
-weighted Yukawa
funtion, m2x Yx(r) = m2x e−mxr/(4pir), when the exhanged boson is taken to be extremely
been pointed out in Ref. [15℄.
2
The three
/P /T piNN ouplings were rst pointed out by Barton [16℄. However, sine the onern then was
parity violation, these ouplings were only piked up later when interest in nulear CP violation built up.
4
massive:
lim
mx→∞
m2x
e−mx r
4pir
= lim
mx→∞
F.T.
[
m2x
q2 +m2x
]
= δ(3)(r) , (2)
where F.T. stands for Fourier transform. As suggested above, allowing dierent mass
sales for the SPS and VPV setors then leads to the most general H/P /T in terms of ten
independent operators.
Although the hoies of the mass parameters for the Yukawa funtions are arbitrary in the
sense of tting the oupling onstants, the mass spetrum of low-lying mesons provides an
intuitive hoie and suggests a onnetion between H/P /T thus onstruted and the one-meson
exhange sheme. Besides the one-pion exhange (JP = 0−, mpi = 140 MeV) often adopted
in the literature, the ontribution from η (JP = 0−, mη = 550 MeV) [19℄, and from ρ and
ω (JP = 1−, mρ,ω = 770, 780 MeV) [20℄ have also been onsidered in various works. We
will show that a one-meson exhange sheme ontaining pi, η, ρ, and ω produes the same
general operator struture as the ZR sheme. (The isosalar-salar meson ε or σ, with a
/P /T oupling of type N¯ iγ5σN , leads to the same operator struture as the η meson, and its
ontribution would be eetively subsumed in the oupling G¯
(0)
η .)
The strong and
/P /T meson-nuleon interation Lagrangian densities, LS and L/P /T , are3
LS = gpiNNN¯ iγ5τ · piN
+gηNNN¯iγ5ηN
−gρNNN¯
(
γµ − i χV
2mN
σµνqν
)
τ · ρµN
−gωNNN¯
(
γµ − i χS
2mN
σµνqν
)
ωµN , (3)
and
L/P /T = N¯
(
g¯(0)pi τ · pi + g¯(1)pi pi0 + g¯(2)pi (3τ zpi0 − τ · pi)
)
N
+N¯
(
g¯(0)η η + g¯
(1)
η τ
zη
)
N
+N¯
1
2mN
(
g¯(0)ρ τ · ρµ + g¯(1)ρ ρ0µ + g¯(2)ρ (3τ zρ0µ − τ · ρµ)
)
σµνqνγ5N
+N¯
1
2mN
(
g¯(0)ω ωµ + g¯
(1)
ω τ
zωµ)σ
µνqνγ5N . (4)
3
The hoie of pseudosalar oupling for the pion eld in Eq. (3) is traditional in the EDM literature. In
order to have manifest hiral symmetry, pseudovetor (derivative) oupling is of ourse preferred. However,
the results for the two-body ontributions and for the leading one-body ontribution (the hiral logarithm)
would be equivalent.
5
The gXNN 's are the strong XNN oupling onstants for whih we will adopt the values:
gpiNN = 13.07 [21, 22℄, gηNN = 2.24 [23℄, gρNN = 2.75 [24℄ and gωNN = 8.25.
4
The g
(i)
X 's are
the
/P /T ones with the supersript i = 0, 1, 2 denoting the orresponding isospin ontent.5
χV and χS are the ratios of the tensor to vetor oupling onstant for ρ and ω respetively;
when vetor-meson dominane (VMD) [26℄ is assumed, they are equal to the eletromagneti
ounterparts, i.e. κV = 3.70 and κS = −0.12. The tensor struture N¯σµνqνγ5N in Eq. (4),
where qν = pν − p′ν , is equivalent to the PV struture N¯∂
↔
µγ5N by a Gordon deomposition.
Evaluating all one-meson exhange diagrams with one strong and one
/P /T vertex, the NR
potential, H/P /T , is found to be
H/P /T =
1
2mN
{
σ− ·∇(G¯(0)η Yη(r)− G¯(0)ω Yω(r))
+τ1 · τ2 σ− ·∇(G¯(0)pi Ypi(r)− G¯(0)ρ Yρ(r))
+τ z+ σ− ·∇[
1
2
(G¯(1)pi Ypi(r)− G¯(1)η Yη(r))−
1
2
(G¯(1)ρ Yρ(r) + G¯(1)ω Yω(r))]
+τ z− σ+ ·∇[
1
2
(G¯(1)pi Ypi(r) + G¯(1)η Yη(r))−
1
2
(−G¯(1)ρ Yρ(r) + G¯(1)ω Yω(r))]
+(3τ z1 τ
z
2 − τ1 · τ2)σ− ·∇(G¯(2)pi Ypi(r)− G¯(2)ρ Yρ(r))
}
, (5)
where G¯
(i)
X is dened as the produt of a strong oupling onstant gXNN and its assoiated
/P /T one g¯
(i)
X ;
6
for instane, G¯
(0)
pi = gpiNN g¯
(0)
pi .
One sees that the general operator struture in Eq. (1), based only on symmetry onsid-
erations, is fully reprodued by the one-meson exhange sheme ontaining the lowest-lying
pseudosalar and vetor mesons in both isovetor (pi and ρ) and isosalar (η and ω) setors.
The ten oupling onstants in Eq. (1) nd their ounterparts in the ten
/P /T meson-nuleon
oupling onstants. Eq. (5) has the advantage that it not only has the most general operator
struture, but it also provides a link to the meson-exhange piture whih provides some
insight. We nally note that one-kaon exhange does not ontribute to the strangeness-
onserving NN interation.
4
We use the predition [25℄ g2
ωNN
= 9g2
ρNN
to infer gωNN from g
2
ρNN
/4pi = 0.6 given in Ref. [24℄.
5
We use the Bjorken-Drell metri and speial attention should be paid to the denition of γ5 =
(
0 I
I 0
)
and any oupling onstant assoiated with it. Relative to the Pauli metri a sign dierene due to γ5
should be kept in mind.
6
In Ref. [19℄, the
/P /T ηNN oupling only ontains an isosalar part, so it does not ontribute to the isovetor
H/P /T . However, this isovetor piee, whih gives a dierent linear ombination from the pion ontribution,
is needed in order to render the τz+ σ− and τ
z
− σ+ operators independent.
6
III. DEUTERON EDM
Beause the
/P /T interation indues a small P -wave admixture to the deuteron wave
funtion, it leads to a nonvanishing matrix element of the harge dipole operator. In addition,
sine the proton and the neutron also have an EDM, a disentanglement of one- and two-body
ontributions,
dD = d
(1)
D + d
(2)
D , (6)
is neessary to make ontat to the underlying
/P /T physis. In the following, we shall use
the
/P /T NN interation H/P /T onstruted in the previous setion to alulate d
(2)
D . We will
use the same meson-exhange piture as a guideline to give an estimate of d
(1)
D . The nal
result for dD an then be expressed in terms of the /P /T meson-nuleon oupling onstants.
EDMs are expressed in units of efm for the remainder of the paper.
A. Two-Body Contributions
For the two-body part, the dominant ontribution omes from the polarization eet: In
leading order in the perturbation, it is the matrix element of the harge dipole operator
evaluated between the unperturbed deuteron state |D〉 (mainly 3S1-wave with some 6%
3D1-wave) and the admixed P -wave omponent |D˜〉, viz.
d
(pol)
D =
√
1
6
〈D||τ z− e r||D˜〉 , (7)
where r = r1 − r2 and || denotes the redued matrix element. Beause the harge dipole
operator onserves the total spin, |D˜〉 has to be the 3P1 state. The isospin and spin seletion
rules then ditate that only the operator τ z− σ+ in H/P /T an indue suh an admixture to the
deuteron.
In order to examine the model dependene of the matrix element, the numerial alu-
lation is performed with three high-quality loal potential models: Argonne v18 (Av18) [27℄,
and the Nijmegen models Reid93 and Nijm II [28℄. The results
d
(pol)
D = 1.43× 10−2 G¯(1)pi + 1.59× 10−3 G¯(1)η + 6.25× 10−4 G¯(1)ρ − 5.96× 10−4 G¯(1)ω , (8a)
= 1.45× 10−2 G¯(1)pi + 1.68× 10−3 G¯(1)η + 6.83× 10−4 G¯(1)ρ − 6.53× 10−4 G¯(1)ω , (8b)
= 1.47× 10−2 G¯(1)pi + 1.72× 10−3 G¯(1)η + 7.50× 10−4 G¯(1)ρ − 7.19× 10−4 G¯(1)ω , (8)
7
for Av18, Reid93, and Nijm II, respetively, show a relatively model-independent pattern.
Judging from the oeients for the dierent mesons, pion exhange dominates the result.
The muh smaller sensitivity of d
(2)
D ≃ d(pol)D to heavy-meson exhanges guarantees that pion-
exhange is a good approximation here (this may not be true for d
(1)
D , a point we address
below).
The slight dierene in the results for these models an be attributed to their softness
at the intermediate range where the deuteron wave funtion (whih agrees well for these
potential models) has most of the overlap with the Yukawa funtions. Fig. 1 ompares the
eetive potential Veff (r) = VS(r) + L(L + 1)/(mNr
2) of these models in the 3P1 hannel
(L = 1), whih determines the radial behavior of the /P /T admixture in the inhomogeneous
Shrödinger equation
(T + V
(3P1)
eff )|D˜〉 = H/P /T |D〉 . (9)
Among these three models, Nijm II is the softest one within the range of about 0.3 ∼
1.0 fm, so it gives the largest result, while Av18, the hardest one, gives the smallest result.
As the heavy-meson exhange is very sensitive to the wave funtion at short range, its
model dependene is more apparent ompared to the pion-exhange ase. Our result for
the oeient of G¯1pi is onsistent with two earlier preditions: 0.0100.026 obtained by
Avishai [29℄, who used strong potential models from before the 70s, and 0.019 obtained by
Khriplovih and Korkin [30℄, who assumed the zero-range approximation for the deuteron
and a free
3P1 wave funtion. Their number an be onsidered as an upper bound.
The meson-exhange eets, in the form of two-body exhange harges, give ontributions
of the form
d
(ex)
D =
√
1
6
(
〈D||
∫
d3x ρ(2)(x)x||D˜〉+ 〈D||
∫
d3x ρ˜(2)(x)x||D〉
)
, (10)
where the rst term orresponds to adding the normal (P - and T -even) exhange harge
ρ(2) to Eq. (7), and the /P /T exhange ρ˜(2), indued by H/P /T , is inluded via the seond term.
Compared with the one-body harge, whih is O(1), ρ(2) an be ignored sine it gives a
orretion of O(1/mN)3 (see e.g. Ref. [31℄). On the other hand, sine ρ˜(2) an be as large
as O(1/m2
N
), and its ontribution is evaluated within unperturbed deuteron wave funtions,
its signiane should be investigated.
As indiated by the dominane of pion exhange observed above, and also in view of the
suppression of heavy-meson exhange urrents found in the study of the (P -odd, T -even)
8
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Figure 1: The omparison of three dierent eetive strong potentials in the
3P1 hannel.
deuteron anapole moment [32℄, the onsideration of the pion setor is suient for the two-
body exhange eets. Attahing a photon to every possible line in the one-pion exhange
diagram whih leads to H
(pi)
/P /T , the exhange harge an then to O(1/m2N) be identied, in
onguration spae, as
ρ˜
(pi)
pair(x; r1, r2) =
e
4m2
N
(
(1 + κS)
(
G¯(0)pi τ1 · τ2 + G¯(1)pi τ z1 + G¯(2)pi (3 τ z1 τ z2 − τ1 · τ2)
)
+(1 + κV ) (G¯
(0)
pi τ
z
2 + G¯
(1)
pi + 2 G¯
(2)
pi τ
z
2 )
)
σ1 ·∇x δ(3)(x− r1)Ypi(r)
+(1↔ 2) , (11)
ρ˜
(pi)
mesonic(x; r1, r2) = −
e
4m2
N
i (τ1 × τ2)z (G¯(0)pi − G¯(2)pi ) (σ1 ·∇1 + σ2 ·∇2)
×[∇21 −∇22 , Ypi(rx1)Ypi(rx2)] , (12)
where the pair term refers to the diagram in whih the photon ouples to an intermediate
nuleon-antinuleon pair and the mesoni term refers to the diagram in whih the photon
ouples to the meson in ight; r = |r1−r2|, rx1(2) = |x−r1(2)|. Numerially, the ontribution
of these diagrams to the deuteron EDM is found to be
d
(ex)
D ≃ 9.40× 10−4 G¯(1)pi − 5.28× 10−4 G¯(0)pi . (13)
Compared with d
(pol)
D , this onstitutes only a few-perent orretion.
Combining the results for d
(pol)
D and d
(ex)
D , we obtain for the two-body ontribution to the
deuteron EDM, in terms of
/P /T ouplings,
d
(2)
D = d
(pol)
D + d
(ex)
D ≃ 0.20 g¯(1)pi +O(g¯(0)pi , g¯(1)η, ρ, ω) , (14)
9
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Figure 2: The two-body ontribution to dD arising from the rst-order /P /T ρ- and ω-piγ ouplings.
with an error estimated as less than 5%.
Besides the usual exhange eets in whih one of the meson-nuleon ouplings is P -
and T -odd, another lass of diagrams involving a /P /T photon oupling to the exhanged
mesons an also ontribute. Sine pseudosalar mesons annot have suh a
/P /T oupling
to photons, the andidates in our urrent framework are
/P /T ρpiγ, ωpiγ, and ρργ verties.
Assuming these
/P /T ouplings are of the same order of magnitude, one an expet a smaller
ontribution from the ρργ vertex, beause the ρ meson is muh more massive and has a
smaller strong oupling to nuleons than the pion. Therefore, in order to estimate the size
of this type of ontributions we evaluate the diagrams based on
/P /T ρpiγ and ωpiγ verties
shown in Fig. 2.
Expressing the
/P /T ρpiγ and ωpiγ Lagrangian densities as
L(ρpiγ)/P /T =
e g¯ρpiγ
2mρ
F αβ ρα · ∂βpi , (15)
L(ωpiγ)/P /T =
e g¯ωpiγ
2mω
F αβ ωα ∂βpi
0 , (16)
where two new
/P /T oupling onstants g¯ρpiγ and g¯ωpiγ are introdued, the assoiated exhange
harges are, in onguration spae,
ρ˜
(ρpiγ′)
mesonic(x; r1, r2) =
egρNNgpiNN g¯ρpiγ
4mρmN
τ1 · τ2 (∇ ·∇2)(σ2 ·∇2)Yρ(rx1)Ypi(rx2) + (1↔ 2) ,(17)
ρ˜
(ωpiγ′)
mesonic(x; r1, r2) =
egωNNgpiNN g¯ωpiγ
4mωmN
(∇ ·∇2)(σ2 ·∇2)Yω(rx1)Ypi(rx2) + (1↔ 2) . (18)
The numerial alulation, using the Av18 potential, gives an EDM ontribution of about
2.3 × 10−3 (g¯ρpiγ − g¯ωpiγ). Sine the oeient is two orders of magnitude smaller than the
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(a) N
N
γ
pi
+_
(b) N
N
γ
pi, η
(c)
N
N
γ
, ωρ0
Figure 3: Hadroni loop diagrams whih ontribute to the nuleon EDM.
leading oeient of g¯
(1)
pi in Eq. (14), we shall ignore these mesoni /P /T eets for the rest
of this work.
B. One-Body Contributions
The total one-body ontribution to the deuteron EDM is simply the sum of the proton
and neutron EDMs, i.e.
d
(1)
D = dp + dn . (19)
Our goal in this setion is to evaluate dp and dn in a manner onsistent with the framework
used for the
/P /T NN interation.
The nuleon EDM has a wide variety of soures suh as the QCD θ¯ term, quark EDMs
and hromo-EDMs (CEDMs), Weinberg three-gluon operator, and four-quark ontat in-
terations, therefore, its evaluation requires good knowledge of nonperturbative dynamis
of onned quarks, whih is still not available. A ommonly used method of estimate
is to evaluate the hadroni loop diagrams, in whih meson and baryon degrees of free-
dom are used to desribe the dynamis and the dependene on the
/P /T mehanisms at the
quark-gluon level is subsumed in the
/P /T meson-nuleon oupling onstants. This approah
has been applied extensively to the neutron EDM in various ontexts (see, for example,
Refs. [33, 34, 35, 36, 37, 38, 39, 40, 41℄). Here we apply it to both the proton and the
neutron EDM, with the inlusion of vetor mesons.
The loop diagrams ontaining a virtual pseudosalar meson are lassied as in Fig. 3(a)
and Fig. 3(b), where the photon ouples to the harged pseudosalar meson in the former
11
and to the intermediate nuleon in the latter ase. Dening the hadroni loop ontribution
to the nuleon EDM as
d
(had)
N ≡ e
4pi2mN
(
δS
1
2
+ δV
τ z
2
)
, (20)
the results for the orresponding diagrams are
7
δ
(a)
S = 0 , (21)
δ
(a)
V = −2(G¯(0)pi − G¯(2)pi )I(pi)0 , (22)
δ
(b)
S = (3G¯
(0)
pi + G¯
(1)
pi )I(pi)1 − (3κSG¯(0)pi + κV G¯(1)pi )I(pi)2
+(G¯(0)η + G¯
(1)
η )I(η)1 − (κSG¯(0)η + κV G¯(1)η )I(η)2 , (23)
δ
(b)
V = (−G¯(0)pi + G¯(1)pi + 4G¯(2)pi )I(pi)1 − (−κV G¯(0)pi + κSG¯(1)pi + 4κV G¯(2)pi )I(pi)2
+(G¯(0)η + G¯
(1)
η )I(η)1 − (κV G¯(0)η + κSG¯(1)η )I(η)2 . (24)
The three distint loop integrals involving an i-type pseudosalar meson, I(i)0 , I(i)1 , and I(i)2 ,
orrespond to the ases where the photon ouples to the pseudosalar meson, the nuleon
Dira, and the nuleon Pauli form fator, respetively. They are evaluated as
I(i)0 = −1 − (1− x2i ) ln xi + x2i (3− x2i )F(x2i )
−−−→
xi≪1
− ln xi − 1 + 3 pi
4
xi + x
2
i ln xi +O(x2i ) , (25)
I(i)1 =
1
2
− 1
2
x2i ln xi − x2i (1−
1
2
x2i )F(x2i )
−−−→
xi≪1
1
2
− pi
4
xi − 1
2
x2i ln xi +O(x2i ) , (26)
I(i)2 =
11
16
+
3
8
x2i −
1
16
x2i (1 + 3 x
2
i ) ln xi − x2i (1 +
5
8
x2i +
3
8
x2i )F(x2i )
−−−→
xi≪1
11
16
− pi
4
xi − 1
8
x2i ln xi +O(x2i ) , (27)
F(s) = 1√
4 s+ s2
(
tan−1
[
2− s√
4 s+ s2
]
+ tan−1
[
s√
4 s+ s2
])
, (28)
where xi = mi/mN . Sine both meson and nuleon form fators were taken to be onstant
o the mass shell, and sine form fators fall o as the square of the four-momentum transfer
inreases, these results should be viewed as an upper bound [35℄.
From Eqs. (25)(27), one observes that only I(pi)0 has a non-analyti term, i.e. ln xpi, in
the hiral limit, mpi → 0. The mathematial reason is that Fig. 3(a) ontains more pion
7
Kaon loops an also ontribute [35, 36, 37, 38, 41℄, and be easily added to our results.
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propagators than Fig. 3(b), whih is responsible for the infrared divergene in the soft-pion
limit [34℄. Therefore, the ontribution to the nuleon EDM involving hiral logarithms is
purely isovetor,
d
(pi)
N = − eτ
z
4pi2mN
(G¯(0)pi − G¯(2)pi ) ln
(
mN
mpi
)
. (29)
This implies that the deuteron EDM reeives no one-body ontribution from loop diagrams
involving pi and η mesons in the hiral limit. Furthermore, when the neutron EDM is
onsidered, the onstant terms in I0 and I1 exatly anel, as has been pointed out in
Ref. [38℄. However, this is not true for the proton.
Beause hiral symmetry is expliitly broken by the pion mass, it is interesting to ompare
the hiral logarithm with other, analyti, terms when realisti parameters are used. For
example, taking xpi = 140/940 in Eq. (25), one gets I(pi)0 ≃ 1.19, whih is about 40% smaller
than − ln(mpi/mN) ≃ 1.90. This sizable dierene typially sets the sale for the theoretial
unertainty. The same onlusion an be drawn from the work by Barton and White [33℄
who, motivated by the suess of sideways dispersion relations for the nuleon Pauli form
fators [42℄, applied the same tehnique with the same parameters to the neutron EDM
problem. This analysis, involving mainly the threshold pion-photoprodution amplitude,
is atually similar to the evaluation of type (a) loop diagram with soft pions, and in fat
produes the same hiral logarithm. Compared with the leading term whih gave dn ≃
0.8× 10−11 efm (a value, in our notation, g¯(0)pi − g¯(2)pi = 1.2× 10−10 was used as input), their
full analysis predited dn ≃ 0.5 × 10−11 efm, whih is also some 40% smaller. While this
may be just an aident, it does signal a potentially large theoretial unertainty for the
nuleon EDM.
In order to estimate the relevane of the vetor-meson degrees of freedom to the nuleon
EDM, we onsider the diagrams illustrated in Fig. 3(). These ontributions an be roughly
estimated by the assumption of VMD, whih leads to a dispersion-theory analysis of the ρ0
and ω poles in the time-like region. The deuteron is only sensitive to the isosalar setor,
for whih, in the ase of the nuleon Pauli form fator, the naive VMD model works rather
well. The vetor-meson ontributions to the isovetor nuleon EDM should, however, also be
added as a orretion to the leading result from the pion-loop alulation, whih is equivalent
to inluding the 2pi ontinuum in the dispersion-theory analysis.
The required vetor-meson-photon onversion mehanism is introdued by the Lagrangian
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density
LVMD = e
2fρ
F µνF (ρ)µν +
e
2fω
F µνF (ω)µν , (30)
where the F µν 's denote the eld tensors for the photon and the ρ0 and ω mesons; the
onstants fρ = 5.00 and fω = 17.05 are determined from the deay widths Γρ,ω→e+e− =
6.85, 0.60 MeV [43℄ by Γx→e+e− = 4piα
2mN/(3f
2
x). Then the vetor-meson ontributions to
the nuleon EDM are evaluated as
δ
(c)
S =
4pi2
fρgρNN
G¯(1)ρ +
4pi2
fωgωNN
G¯(0)ω , (31)
δ
(c)
V =
4pi2
fρgρNN
(G¯(0)ρ + 2G¯
2
ρ) +
4pi2
fωgωNN
G¯(1)ω . (32)
Keeping in mind the aveat of a possibly large theoretial error, we nevertheless take
a more adventurous point of view and inlude also the analyti terms in I0 and I1, i.e.
I(pi)0 ≃ 1.19, I(pi)1 ≃ 0.41, and I(η)1 ≃ 0.28, but we neglet the part from the nuleon Pauli
form fator, so we set I(pi)2 = I(η)2 = 0. Colleting the results from Eqs. (20), (21)(24),
(31)(32), the total one-body ontribution to the deuteron EDM is evaluated as
d
(1)
D = 2.18× 10−3 (3 G¯(0)pi + G¯(1)pi ) + 1.49× 10−3 (G¯(0)η + G¯(1)η )
+1.53× 10−2 G¯(1)ρ + 1.49× 10−3 G¯(0)ω . (33)
In terms of the
/P /T meson-nuleon oupling onstants, the result is
d
(1)
D = 0.03 g¯
(1)
pi + 0.09 g¯
(0)
pi + 0.04 g¯
(1)
ρ + 0.01 g¯
(0)
ω +O(g¯(0,1)η ) . (34)
IV. DISCUSSION
Combining Eqs. (14) and (34), we arrive at our nal estimate for the deuteron EDM:
dD = (0.20 + 0.03) g¯
(1)
pi + 0.09 g¯
(0)
pi + 0.04 g¯
(1)
ρ + 0.01 g¯
(0)
ω . (35)
while our results at the same time imply the following preditions for the proton and neutron
EDMs:
dp = −0.08(g¯(0)pi − g¯(2)pi ) + 0.03(g¯(0)pi + g¯(1)pi + 2g¯(2)pi ) + 3× 10−3(g¯(0)η + g¯(1)η ) (36)
+0.02(g¯(0)ρ + g¯
(1)
ρ + 2g¯
(2)
ρ ) + 6× 10−3(g¯(0)ω + g¯(1)ω ) ,
dn = 0.14(g¯
(0)
pi − g¯(2)pi )− 0.02(g¯(0)ρ − g¯(1)ρ + 2g¯(2)ρ ) + 6× 10−3(g¯(0)ω − g¯(1)ω ) . (37)
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The leading ontribution to dD, 0.20 g¯
(1)
pi , due to the /P /T NN interation, inluding the
exhange harges and alulated by using state-of-the-art wave funtions, is 25% smaller than
the result assuming the zero-range approximation [30℄ whih was adopted for an analysis
on CP violation models in Ref. [44℄. The remaining ontributions ome from the proton
and neutron EDMs. These terms have a sizable theoretial unertainty, whih ould be as
large as 40%. The non-vanishing dependene on g¯
(0)
pi , whih arises from inluding analyti
terms in the hadroni loop alulations, sets the stage for the QCD θ¯ term to play a role
in the deuteron. Using the predition by Crewther et al. [34℄ that g¯
(0)
pi ≃ 0.027θ¯, one gets a
dD ∼ 2× 10−3θ¯ dependene on θ¯, whih is about three times larger than the QCD sum-rule
alulation [44, 45℄. The dependene on the vetor-meson ouplings, though suppressed
at the two-body level, enter the nal result through the nuleon EDM where it ould be
sizable. An important issue in this respet is the size of the
/P /T ρ, ω (and η for that
matter) oupling onstants ompared to those of the pion. An argument by Gudkov et
al. suggested that these vetor-meson oupling onstants are less signiant [19℄, while a
reent work by Pospelov based on QCD sum rules gave the best values for g¯ρ,ω of the same
order of magnitude as g¯pi [46℄; and these two works surprisingly have opposite preditions
about the relative importane of g¯pi±/g¯pi0. Furthermore, work on the P -odd, T -even NN
interation implied vetor ouplings at least equally important and preferably larger than
their pseudosalar ounterparts (see e.g. Refs. [47, 48, 49℄). Therefore, until onsensus
is reahed, these vetor-meson ontributions should still be kept for maintaining a greater
generality.
In order to onnet expression Eq. (35) for the deuteron EDM to the underlying CP viola-
tion, the
/P /T meson-nuleon oupling onstants have to be expressed in terms of parameters
at partile-physis level, suh as the QCD θ¯ term, quark EDMs and CEDMs, et. These
quantities have a plethora of preditions from extensions of the Standard Model. Beause
all the EDM measurements to date only resulted in upper bounds, it is a popular pratie to
use these experimental limits to derive the orresponding bounds for one partiular soure
of CP violation while turning other possibilities o in an ad ho fashion. Even though this
simpliation is legitimate to some extent, one might obtain an overonstraint by exluding
possible anellations between various CP -violation soures.
The deuteron and neutron results illustrate how limits on their EDMs ould be used to
provide tight onstraints on a spei model of CP violation, suh as the one in Ref. [46℄. For
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supersymmetri models in whih the Pei-Quinn symmetry is evoked to remove the QCD θ¯
term, the quark CEDMs are the dominant ontributors to the
/P /T meson-nuleon oupling
onstants, ompared to the three-gluon and four-quark operators. Therefore, all the g¯'s
an be expressed in terms of the dcq's. Using the best values reommended in Ref. [46℄:
g¯
(1)
pi ≃ 20 dc−, g¯(0)pi ≃ 4 dc+, g¯(0)ρ ≃ 13.3 dc+, g¯(1)ρ ≃ −8.6 dc−, g¯(0)ω ≃ −8.6 dc+, g¯(1)ω ≃ −13.3 dc−,
where dc± = d
c
u±dcd,8 the deuteron and neutron EDMs an be ompletely expressed in terms
of the CEDMs of the up and down quarks, viz.
dD = −4.67 dcd + 5.22 dcu , (38)
dn = −0.01 dcd + 0.49 dcu . (39)
Thus, these two EDM measurements probe dierent linear ombinations of dcd and d
c
u in this
ase. Moreover, the deuteron ould be signiantly more sensitive than the neutron. This
example is learly oversimplied, however, judging from the general expressions Eqs. (35)
and (37), one expets that, barring unnatural and aidental anellations, the deuteron is
ompetitive to the neutron in sensitivity to CP violation. Furthermore, the deuteron EDM
involves dierent
/P /T oupling onstants, and hene in general will be omplementary with
respet to the information about CP violation that an be probed with the neutron.
In onlusion, it should be realized that the theoretial unertainties, espeially in the
results for dp and dn and hene in the one-body ontribution to dD, are signiant. The
alulation of an atomi or nulear EDM involves a broad range of physis, inluding the
problemati strong interation at the nulear and subnulear sale. In this respet, it is rele-
vant that eorts have been renewed reently to attak the neutron EDM in lattie QCD [51℄.
In general, improved treatments of the hadroni physis, whih an bridge the phenomenol-
ogy of the neutron EDM and
/P /T nulear fores with the underlying partile physis, are of
entral interest.
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Appendix A: DEUTERON MQM
Besides the EDM, the
/P /T NN interation an also indue P - and T -odd eletromagneti
moments of higher multipolarity, that is, C3, C5, andM2, M4, et. For a spin-1 objet suh
as the deuteron, a nonzero M2 magneti quadrupole moment (MQM) is therefore another
signature of CP violation. Approximating the nulear eletromagneti urrent as purely
one-body, i.e. ignoring the meson-exhange urrents, the MQM operator an be expressed,
in a Cartesian basis, as
Mmn =
e
2mN
{µ [3 rm σn + 3 rn σm − 2σ · r δmn] + 2 q (rm Ln + rn Lm)} , (A1)
where µ, q, and L denote the nuleon magneti moment, harge (in uints of e), and orbital
angular momentum, respetively [30℄. The deuteron MQM, dened by
MD = 2〈D, Jz = 1|
2∑
i=1
Mzz(i)|D˜, Jz = 1〉 , (A2)
an then be evaluated one the
1P1 and
3P1 parity admixtures have been alulated. As-
suming
/P /T one-pion exhange only, and using the Av18 strong potential gives the numerial
result
MD = 0.051µS g¯
(0)
pi + (0.031µV + 0.003) g¯
(1)
pi , (A3)
in units of efm2. The model-dependeny is at the 1% level, similar to the EDM alulation.
Although the isosalar spin urrent leads to a rather large matrix element (in the zero-
range approximation of Ref. [30℄, it is three times the isovetor one), the isosalar magneti
moment renders the resulting g¯
(0)
pi oeient, 0.04, smaller than the g¯
(1)
pi oeient, 0.15,
whih is dominated by the isovetor spin urrent from the large isovetor magneti moment.
The orbital motion adds only a small orretion to the g¯
(1)
pi term through the deuteron
D-wave omponent.
While a sensitive experiment to measure MD appears as least as formidable as for dD,
it might be ontemplated with deuterium atoms, beause the MQM, unlike the EDM, is
not sreened by the eletron. An interesting theoretial point is that, sine the nuleon
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itself has no quadrupole moment, the deuteron MQM is a rather lean probe of the
/P /T NN
interation, and in partiular of g¯
(1)
pi .
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